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Spinodal decomposition process in the system of immiscible PbTe/CdTe compounds is analyzed as
an example of a self-organizing structure. The immiscibility of the constituents leads to the observed
morphological transformations like anisotropy driven formation of quantum dots and nanowires, and
to the phase separation at the highest temperatures. Proposed model accomplishes bulk and surface
diffusion together with the anisotropic mobility of material components. We analyze its properties
by kinetic Monte Carlo simulations and show that it is able to reproduce all of the structures
observed experimentally in the process of PbTe/CdTe growth. We show that studied mechanisms
of dynamic processes play different role in the creation of zero– , one– , two– and finally three-
dimensional structures. The shape of grown structures is different for relatively thick multilayers
when bulk diffusion cooperates with the anisotropic mobility, in annealed structure when isotropic
bulk diffusion only decides about the process and finally for thin multilayers when surface diffusion
is the most decisive factor. We compare our results with experimentally grown systems and show
that proposed model explains the diversity of observed structures.
PACS numbers:
I. INTRODUCTION
Low-temperature, layer–by–layer epitaxial growth
techniques are commonly employed for creation of com-
plex layered nanostructures with atomically flat inter-
faces and vanishing material intermixing at the inter-
faces. However, in some cases growth temperature or
the after–growth annealing may result in a morphologi-
cal reorganization of nominally layered structures adopt-
ing their shape to the given thermodynamic conditions.
For instance, such case is represented by nanoscale super-
lattices made of immiscible materials. Thermally driven
morphological transitions observed in immiscible super-
lattices can be regarded as an analog of the spinodal de-
composition process which proceeds in the solid phase on
a nanometer scale. Self-organization of layered structures
in the spinodal decomposition process has been observed
in many immiscible material systems1–6.
Spinodal decomposition in solids can have practical ap-
plication as a way to obtain structures of given shape and
size. In the PbTe/CdTe immiscible material system ther-
mal annealing of two-dimensional PbTe epilayers embed-
ded in a CdTe matrix leads to a creation of PbTe quan-
tum dots7–9. The size and shape of the quantum dots can
be controlled by time and temperature of after-growth
annealing processes. The case of morphological transfor-
mations in PbTe/CdTe multilayer heterostuctures was
studied experimentally in Ref.10. It was shown that de-
pending on the growth conditions structures of different
dimensionality were formed. Only the structures grown
at the lowest temperatures preserve the intended, two-
dimensional, layered structure. When the temperature
is increased the layers transform into zero-dimensional
dots that then merge creating one-dimensional columns.
At sufficiently high growth temperature PbTe and CdTe
deposits separate completely forming thick, quasi bulk
objects10. Self-organization by spinodal decomposition
in solids is interesting not only from the point of view of
the practical applications but also from the point of view
of theoretical study of processes leading to morphological
reorganization of deposited structures. Detailed study
of these processes allows for deeper understanding and
better controlling of ordering, dimensionality, shape and
dimensions of nano-material systems depending on dif-
ferently prepared initial states and various thermal con-
ditions during the formation process.
Different aspects of spinodal decomposition that hap-
pen in semiconducting materials have been studied up
to now6,7,11–15. In Ref.7 Cahn-Hiliard equation was ap-
plied to the description of the experimental results. It
reconstructs a pinhole creation evolving then into a quasi-
one dimensional structures elongated in the plane of
layer and finally transforming into a drop pattern. This
kind of description does not include behavior of multi-
layer structures. Formation of column structure within
multi–layered system in most studies appears as a re-
sult of surface diffusion. In Ref.11 it is shown that two-
dimensional spinodal decomposition under layer by layer
crystal growth condition leads to quasi one-dimensional
nanostructures – so called Konbu-phase. Within the
same picture bulk diffusion without layer by layer growth
leads to the three dimensional structure of small crys-
tals. Rosenthal et. al12 studied self-organization process
via surface diffusion of magnetic clusters in metal- poly-
mer nanocomposites. Surface-mediated self-assembly of
ErSb/GaSb nanocomposite structures was proposed in
Ref.13. Surface diffusion formation mechanism of a
column-like nanostructures was also shown in Mouton et.
al. study14 of binary alloys. A hybrid model of ab-initio
and MC numerical calculation was studied in Ref.15 lead-
ing again to isotropic, three-dimensional phase called
dairiseki. All mentioned above studies of self-organizing
processes result in structures that build uniformly in all
sample at once, or as in the case of layer by layer growth,
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2they begin at the surface and then stay homogeneous top
to bottom of the system. In this paper we propose the
model that accomplishes bulk and surface diffusion, as
well as, it takes into account different mobility of mate-
rial components forming the superlattices and the exist-
ing temperature gradients. We study spinodal decompo-
sition process in the system by kinetic Monte Carlo simu-
lations of the model at different temperatures and growth
conditions. The characteristic feature of the process we
study is that the elongated structures build in time and
as an effect in the space, beginning from the first grown,
bottom multilayer. As an effect we obtain characteristic
structure of gradually changing morphology of the sam-
ple from bottom to top. The model explains within one
picture all phenomena that are observed in the growth
of PbTe/CdTe superlattices. We discuss the importance
of the given mechanism in the observed process of cre-
ation of zero–, one–, two– and finally three–dimensional
structures.
II. STRUCTURE FORMATION
The structures described in Ref. 10 were grown us-
ing molecular beam epitaxy at three different tempera-
tures: 230◦C, 270◦C and 310 ◦C. The growth process
consisted of alternate deposition of PbTe and CdTe lay-
ers, each for 60s and 180s, respectively. The whole pro-
cess lasted for 25 such repetitions. In Fig. 1 we show
scanning transmission electron microscopy (STEM) im-
ages of structures grown at three different temperatures.
Ref. 10 contains detailed analysis of experimental re-
sults for these structures. We can see that only the sam-
ple that was grown at the lowest temperature (230◦C)
preserved its two-dimensional, layered character. The
average thickness of PbTe layers was found to be 8 nm
and that of CdTe layers 21.1 nm. However, the structure
obtained at the middle temperature (270 ◦C) was com-
pletely different morphologically. Instead of horizontally
oriented layers, vertical one-dimensional, column-like ob-
jects of PbTe embedded in CdTe were observed. Finally,
at the highest temperature (310 ◦C) both constituents
were completely separated, with CdTe aggregated at the
top of the PbTe deposit. Moreover significant part of
the deposited CdTe had desorbed from the surface of the
structure .
This experiment had been motivated by an earlier
study by Groiss et al7, which described topological trans-
formation of a single 2D PbTe layer stacked between two
CdTe layers, at first into a 1D percolation network, which
subsequently disintegrates into islands and then 0D quan-
tum dots. According to the Cahn-Hilliard model the
characteristic sizes of those structures can be described
by a simple relation z = (3 − D)w, where D is the di-
mensionality of the structure and w is the initial width
of the 2D PbTe layer.
FIG. 1: Scanning transmission electron microscopy (STEM)
image of PbTe/CdTe multilayer structure grown at a) 230oC
b) 270oC and c) 310oC. The growth proceeded from bottom
to top. CdTe structure is plotted in dark gray and PbTe in
light gray as noted in c)
3FIG. 2: Schema of the microscopic model used for kinetic
Monte Carlo simulations.
III. THE MODEL
Growth of crystal layers is simulated in the kinetic
Monte Carlo (kMC) process of a simple 3D lattice model.
It takes into account three dynamical processes: adsorp-
tion of PbTe and CdTe particles at the sample surface,
surface diffusion and bulk diffusion of the particles. The
model is schematically illustrated in Fig. 2. In each
simulation step all processes are realized sequentially.
At first new particles are adsorbed at the surface, then
they can diffuse on the surface, perpendicularly to the
growth direction. At the same kMC step those particles
which are located within the bulk of the crystal may also
change their positions. This process, the bulk diffusion,
is isotropic in the directions perpendicular to the growth
direction. In the direction parallel to the growth axis,
however, the bulk diffusion in driven by an additional
bias, associated with the growth course and temperature
gradient. This sequence of dynamical processes is re-
peated in every step of the kMC process. We show that
the assumed set of events leads to the formation of the
structures observed in the experiments.
Because of the different crystal structure of PbTe and
CdTe (rock salt and zinc blende, respectively) this ma-
terial system is immiscible, i.e. in its ground state both
components are separated. Such situation can be de-
scribed as follows: PbTe crystal and CdTe crystals have
higher binding energy as a bulk than the interface energy
between both materials. The energy of the interface be-
tween PbTe and CdTe slabs have been calculated in Ref.
16 by the formula
Eint =
1
2
(
Etot[CdTe/PbTe]−1
2
Etot[CdTe]−1
2
Etot[PbTe]
)
(1)
Where Etot[ ] means energy calculated for the supercell
described within square brackets inside. [CdTe] or [PbTe]
refers to CdTe or PbTe supercell and [CdTe/PbTe] to
the supercell with the interface inside. It was shown in
Refs 16–18 that calculated interface energies are close to
12.5meV/A˚2 and similar for all investigated orientations
(110), (100) and (111). The formula (1) measures en-
ergy cost for creation of the interface between studied
nanocrystals and it can be described as the difference of
the mean energy of bonds between cells of the same type
and of two different types. These energies decide about
the final shapes of the structures that are built in the
decomposition process of two systems. We use these re-
sults in modeling of the energy of the arbitrary state of
the system. Let us make coarse grain description of the
system. Our lattice is the simplest, cubic one and each
site represents one unit of PbTe or CdTe crystal of size a.
The energy of the system at given state can be described
as
H = xPbTeE
tot[PbTe] + xCdTeE
tot[CdTe] +
Jnn
nn∑
<i;j>
niPbTen
j
CdTe + Jnnn
nnn∑
<i;j>
niPbTen
j
CdTe, (2)
where xCdTe, xPbTe denote fractions of the given com-
pound in the whole system, nn and nnn mean the nearest
and next nearest neighbors of different types. The occu-
pation of the i-th site by a cell containing a PbTe(CdTe)
pair niPbTe(CdTe) = 0; 1. The bond parameters Jnn and
Jnnn attributed to [CdTe/PbTe] pairs in this approach
measure the energy change in the system due to creation
of such pair. With the following values Jnn = 13meV
and Jnnn = 40meV the interface values from Refs 16–18
are reproduced. All interface orientations (111), (100)
and (110) have similar values. As it will be shown
later as a result the shape of the formed dots made of
one of the components is similar to that observed in
experiments18,19. Note that in order to calculate the in-
terface energy or the difference between energies of two
system states the values of Jnn and Jnnn only are enough.
All other contributions to the energy cancel out.
We start our simulations with a thick CdTe layer lo-
cated at the bottom of the structure. The layer rep-
resents the 4µm thick CdTe buffer located between the
substrate and the PbTe/CdTe structure in the real ex-
periment. In the experiment the thickness of the buffer
layer is much larger than that of the deposited layers,
which have the thickness of several nanometers. Because
of computational limitations, however, the buffer in our
simulations is only 50 atomic layers thick. We start MC
simulation by adsorption of new particles on the initially
prepared buffer. The particles are adsorbed at randomly
chosen sites of the substrate or later on the top of the al-
ready deposited particles. The probability of this process
is given by Pad. We set Pad = 2 · 10−13 ML/(MC step),
what assuming appropriate time scale is equivalent to a
typical, experimental growth rate of 1.3 A˚/s.
Particles on top of the crystal and within the bulk of
4the crystal structure that is built up can diffuse at each
MC step. Two types of diffusion process are present - the
bulk and the surface diffusion. Both are thermally acti-
vated, they depend on the energy difference between the
initial and the final state and there exists an energetic
barrier for a single jump of a particle between the lattice
sites. For the bulk diffusion we do not assume any spe-
cific mechanisms. It can be vacancy assisted or happen
via interstitial positions. All these processes effectively
give different energy barriers and can be projected into
the switching of the positions of two nearest neighbors
of different type. We realize this process by choosing
randomly a particle in the bulk and then we select, also
randomly, one of its six nearest neighbors. If the parti-
cles are of different type, the exchange is realized with
the jump rate
Pbulk = ν0 exp
(
− B
kBT
)
×
{
exp
(
− ∆EkBT
)
for ∆E ≥ 0
1 for ∆E < 0
,
(3)
where ∆E is the energy difference of the system related
to the change of the neighbors of the involved particles
due to their jump calculated with the help of Eq. (2). At-
tempt frequency ν0 sets the time scale and is assumed to
be equal to 1012s−1. The general energy barrier for diffu-
sion for each single jump was estimated by the analysis of
rates of the experimental processes at given temperatures
what gave us the value B = 760 meV.
With the energy difference calculated with help of
Eq.(2) jumps lead to configurations where the number
of neighboring particles of the same type is larger. This
assures that the components do not mix with each other
even at higher temperatures and the system is immisci-
ble. The process of diffusion defined as above does not
differentiate any direction. In the process of the growth,
however, the top of the crystal is distinguished as a place
where particles attach. Therefore vertical direction can
be different for the particle diffusion. The crystal struc-
ture can be slightly different or there can even be more
vacancies on going to the top of the multilayer structure.
Moreover the bottom of the crystal is the part where the
sample is heated. If the sample is heated from the bot-
tom, its temperature should decrease towards the top.
We assumed that all these effects result in faster diffu-
sion along the direction perpendicular to the substrate.
To model this property a small driving force is added
to the energy difference ∆Ez = E + k(z1 − z0)/a where
z0, z1 denote the initial and the final positions of one of
the particles exchanging positions and k is a parameter,
a - the distance between successive layers. In such a way
exchange of compounds along z axis up or down becomes
easier. We will show that this bias in the bulk diffusion
is responsible for emergence of structures that are pro-
longed in the z-direction. The biased diffusion is known
as a reason for a formation of stripped structures20–22.
We assume that some vertical temperature gradient is
present. This gradient is assumed to be not large enough
to change noticeably diffusion rate from one position to
the other, so we leave the diffusion rate across the lay-
ers unchanged. However both material components are
not identical. Not only their lattice structures are differ-
ent but also the thermal conductivity of PbTe is much
lower than that of CdTe (1.9 and 6.2 W/mK, respec-
tively) and their bulk energies should differ. When the
income from the temperature gradient is calculated as
the first correction to the jump barrier in the exponent
of rate (3) it becomes proportional to the bulk energy dif-
ference. PbTe should be then more strongly influenced
by the temperature gradient because it is expected to be
larger than in CdTe. The difference between the values
of the bias should reflect the asymmetry between the two
components that was seen in the experiment at high tem-
peratures when the CdTe deposits gather on the top of
quasi bulk PbTe. To model this we assume parameter
k different for PbTe and for CdTe. Thus we set a small
difference between values of k, choosing the bias values
for PbTe moving up kPbTe = 26 meV and for CdTe mov-
ing up kCdTe = 29 meV. The bulk diffusion is realized in
each MC step together with the surface diffusion at the
top crystal layer.
The surface diffusion is performed by choosing ran-
domly a particle on the surface and making it move to
an empty neighboring site at the same level, i.e., with the
same z-coordinates or jump down to an empty place to
the lower layer. Jumps up are disallowed what addition-
ally promotes the surface smoothening. The probability
of a single surface diffusion jump is
Psurface = ν0 exp
(
− B
kBT
)
×
{
exp
(
− ∆EkBT
)
for ∆E ≥ 0
1 for ∆E < 0
.
(4)
The values of ν0 and B are kept the same as in the pro-
cess of bulk diffusion, however because particles are less
connected to the surface and they can jump to the empty
site the surface processes are faster than bulk ones. For
the studied systems the role of the surface diffusion is
reduced mainly to smoothening of the surface after new
particles are adsorbed on it. We will show however that
in different conditions the process of surface diffusion in
our model can lead to the ordered structure of one di-
mensional stripes as it was discussed before23–25.
In our kMC simulations subsequent layers are grown
in the similar way as it was done in the experiment. The
type of the currently adsorbed particles changes period-
ically, starting from PbTe. For the fixed value of the
adsorption rate deposition duration of each of the com-
ponents can be chosen in such a way that in each repe-
tition PbTe and CdTe consist of the desired number of
atomic layers. Assuming the lattice constants a of 6.46A˚
for PbTe and 6.48A˚ for CdTe, we need approximately 12
atomic layers of PbTe and 32 atomic layers of CdTe to
simulate the real growth conditions. It corresponds to
the thicknesses of the layers used in the experiment10.
We have performed Monte Carlo simulations based on
the microscopic model described in this section. We set
the size of the crystal Nx = Ny =80 particles both in
5FIG. 3: Vertical (top) cross-sections and horizontal (three
bottom rows) of different structures that emerge during
PbTe/CdTe growth. Temperature increases from left to right
T=230◦C (a); 250◦C (b); 270◦C (c); 310 ◦C (d). Bottom pan-
els represent successive horizontal cross-sections at successive
z values marked by dashed lines in top panel.
the x and y direction. We assume the periodic boundary
conditions in both those directions. The maximal size
in the z direction (the direction of the crystal growth)
is Nz = 300 particles. The kinetics of the model is de-
pendent on six material parameters: Pads, Jnn, Jnnn,
kPbTe, kCdTe, B. The temperature T and the pattern of
particle deposition are external parameters. We repro-
duce the different experimental results by changing only
the external parameters while keeping all the remaining
parameters constant.
IV. RESULTS
A. Simulations with vertically biased bulk diffusion
By using the MC model described in the previous sec-
tion we simulated the morphological transformations ob-
served experimentally in PbTe/CdTe material system10.
Below, we study specific situation of the reorganization
process during growth leading to the appearance of zero–
, one–, two– or three– dimensional patterns. With the
assumed values of the material parameters we perform
simulations for a few various temperatures T . We run it
for several repetitions of the deposited layers. The ver-
tical cross-sections, i.e., along the growth direction, ob-
tained as a result of such numerical procedure are shown
in upper panel of Fig. 3. In order to see the changes in
the simulated structures more clearly the lower panel of
Fig. 3 shows horizontal cross-sections of the structures
at the levels marked in the upper panel by dashed lines.
The growth of the component layers was simulated to the
thicknesses corresponding with the experimental ones.
At the lowest temperature of T = 230◦C presented in
Fig 3a it is clearly seen that six PbTe/CdTe layer repe-
titions have been deposited. Above CdTe substrate we
can see full six PbTe layers, full five CdTe layers and a
thinner CdTe cap layer on the top of the structure. As in
the experiment, the structure simulated for T = 230◦C
exhibits 2D, layered character. However, one can no-
tice that the PbTe layers deposited earlier, i.e., located
closer to the substrate differ from those deposited later,
i.e., located closer to the structure surface. For instance,
the highest PbTe layer, plotted as the first from the top,
has no CdTe holes inside. The holes appear, however,
in the lower layers and in the lowest one a few CdTe
holes of larger size are clearly visible. The observation
indicates an onset of the reorganization of horizontal 2D
layers into 1D percolation networks, which later would
disintegrate into PbTe quantum dots embedded in CdTe
matrix. The process much more affects the layers which
were deposited first because they stayed at the growth
temperature for longer time than those deposited at the
end of the growth. This indicates that the bulk diffu-
sion plays the role in the reorganization process. In our
simulations the material located deeper in the structure
underwent much more diffusion processes. It is interest-
ing to note that our simulations predict that even at such
low temperatures as T = 230◦C the layers undergo mor-
phological transitions. These observations are in agree-
ment with the results of the experiment on the multilayer
PbTe/CdTe structures10.
The same amount of PbTe and CdTe materials de-
posited at the other temperatures results in structures
with quite different morphology as shown in Fig.3b-d.
The layered character is no more evident or does not ex-
ist at all. In Fig. 3c we can see the result of the simula-
tion at the next experimental temperature of T = 270◦C.
At the bottom of the sample vertical PbTe columns have
emerged. Above the PbTe columns separated PbTe dots
can be seen. Such system ordering agrees perfectly with
the experimental results, where cross-sections of the sys-
tem at this temperature looks very similar. The vertical
cross-section of the developed columns can be seen in the
lower panel of Fig. 3c. The cylindrical shape is clearly
seen and it can be observed that its diameter is larger
than the initial thickness width of the PbTe layers. The
diameter increases towards the bottom of the sample. It
is an effect of the stronger bias of the vertical bulk di-
6fussion for CdTe than for PbTe. In the experiment the
PbTe columns also had larger diameter at the bottom
and near the substrate they are so wide that they begin
to merge.
Fig. 3b shows the results of growth at temperature
of T = 250◦C, which is between two temperatures dis-
cussed above. It can be seen that the system behaves
exactly as it is supposed to. The elongated structures
that build at the bottom are shorter than the ones for
the higher temperature and reach only the second and
third layer. Comparing the cross-sections in Fig. 3b and
3c we can see that the column diameter increases with
the increasing temperature. The higher temperature ac-
celerates bulk diffusion what leads to the formation of
larger structures. The layer above consists of droplets
and top PbTe multilayers are holed resembling bottom
multilayer in the system at the lower temperature.
Fig. 3d shows the highest experimental temperature
T = 310◦C in which we see that PbTe compound is
moved down whereas CdTe structure appears above it.
Such tendency is also seen in the experiment10 where the
same alternate deposition of PbTe and CdTe layers was
carried out at T = 310◦. Eventually two constituents mi-
grated forming large PbTe layer between the base CdTe
below and thin CdTe layer on top. In the simulated sys-
tem initial width of the CdTe base was too small and as
an effect all of it went on top of the system. Nevertheless
the tendency of material separation is clearly visible at
this temperature. Division of two compounds into bot-
tom and top layers in our model is caused by the small
difference in the bias for particle interchanges.
The configuration of the grown system as a function
of the height can be seen in Fig. 4 where the particle
density at given height z
ρzPbTe(r, z0, t) =
1
NxNy
∑
x,y
φPbTe(x, y, z) (5)
is plotted, where φPbTe(x, y, z, t) is 1 for PbTe particles
and 0 otherwise. We sum over all x and y positions,
whereas z is fixed. We can see in Fig. 4 that at the
lowest temperature of T = 230oC all layers are well sep-
arated. Moreover it can be noticed that only the first
and the second layer at the bottom have holes, whereas
higher layers are slightly deformed but not perforated be-
cause density reaches value 1 for all of them. For higher,
T = 250◦C we see three separated layers at top, and the
structures that extend to three successive bottom layers.
At the higher temperature T = 270◦C only the top layer
preserves but its height is reduced, what means that it
has mixed structure. And finally we have the highest
temperature studied T = 310◦ C, where neither in the
density plot in Fig 4, nor in the cross-sections striped or
dotted pattern can be seen. Instead we have perfect sep-
aration of the system into two phases - one PbTe at the
bottom and the second CdTe at top.
The structures shown in Fig. 3 and 4 are created in
the process of bulk diffusion. Note, that here, in immisci-
ble compounds bulk diffusion leads rather to separation
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FIG. 4: PbTe density along z axis at temperatures 230◦C (a);
250◦C (b); 270◦C (c); 310◦C (d).
than particle mixing. Because this process happens all
the time during layer deposition, thus structures seen top
to bottom of grown multilayer structure represent con-
secutive moments of time evolution. Time behavior of
the formed structures can be analyzed more precisely by
the following correlation function
Cα(~r, z, t) =< φα(x, y, z, t)φα(x+ rx, y + ry, z, t) > (6)
where α can be PbTe or CdTe. The correlation defined
above is averaged (what is noted by symbol <>) over all
positions x, y within each horizontal layer. It describes
occupation correlations at a distance ~r at given height z
and time t. The model is isotropic in the xy directions
hence we will describe all relations further as a function of
length r = |~r|. Let us take CPbTe. For r = 0 it is equal to
the number of PbTe particles in the chosen layer at time
t. For increasing r CPbTe stays at the same level as long
as each neighbor is PbTe and it decays if a CdTe particle
is present at a given distance. After calculating the aver-
age (6) the obtained correlation function decreases as a
function of distance as CPbTe = C0 exp(−r/λPbTe). The
correlation length λPbTe is function of time t and height
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FIG. 5: (a) Correlation length λCdTe in vertical direction for
systems grown in T=230◦C; 250◦C; 270◦C and (b) correla-
tion length λPbTe in vertical direction for systems grown in
T=250◦C; 270◦C; 310◦C as a function of time t − t0. Three
lines represent three consecutive layers from bottom to top.
For each layer time t0 was set as a time when deposition of
given layer started. The most thick line means the first, bot-
tom layer in each case.
z. As an effect λPbTe measures time and position changes
of the mean length of PbTe structures inside the CdTe.
The same we can say for CdTe structures by calculating
λCdTe.
In Fig. 5 we have shown λPbTe and λCdTe as a function
of time for three consecutive PbTe layers from bottom to
top. In any case time was shifted so t = 0 means the mo-
ment when given layer was completed. In the left panel
of Fig. 5 λCdTe is plotted at three different temperatures.
The lowest three lines represent evolution of layers dur-
ing multilayer deposition process at T = 230◦C. The line
for the first, bottom PbTe layer is plotted in thicker line.
It can be seen that all lines follow the same path. At the
lowest temperature they start from the low value, then
CdTe holes inside PbTe layer grow up to the mean size
of 20a. In Fig.3a we can see that holes of bottom layer
really have diameters of such size. At the higher temper-
 0
 25
 50
 75
(a) (b)
 0
 25
 50
 75
 0  25  50  75  0  25  50  75
FIG. 6: Transformation in the one-layer annealed system at
T = 350◦C. Left side (a) present initial situation and right
side (b) the annealed system. Top panels show vertical cut
and bottom panels show horizontal cut.
atures T = 250◦C and T = 270◦C CdTe structures grow
quickly and eventually reach size of the system of 80 lat-
tice sites. At the same temperatures PbTe structures
decay coming to value 15 lattice sites at T = 250◦C and
22 lattice sites at T = 270◦C. These numbers describe
mean diameter of the final PbTe structures. Note that
all lines follow the same shape. Such property confirms
hypothesis that structures inside system are build via
bulk diffusion what happens all time during deposition
process. Moreover higher temperature leads to slightly
larger structures. Evolution of the system at the highest
T=310◦C is illustrated in Fig 5b, where correlation func-
tion for PbTe crystalic structure is shown. At the top-
most temperature PbTe structure starts from the width
of 20 lattice sites and then grows, eventually reaching the
size of the system. Differently than all other curves at
this temperature all three lines do not follow each other.
It can be seen that the system reorganizes as a whole
forgetting about layers just from the beginning.
B. The role of bulk diffusion
We have shown that biased model reproduces all ex-
perimentally observed types of system evolution at differ-
ent temperatures. The structure with holes inside layer
transforms into the percolating structure and finally to
the spherical droplets. Above mentioned structures are
formed due to the presence of isotropic bulk diffusion,
whereas columns build up because of bias. The bias is
related to the anisotropies present within growing mul-
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FIG. 7: Comparison of two different layering patterns at low,
T= 230 ◦C. Left panel (a) shows result of growing layers in
order 12PbTe/36CdTe and right panel (b) shows the result
of growing 1PbTe/3CdTe layers. Top panels are plotted for
vertical an bottom panels for vertical cross-sections. All other
parameters, temperature, mean growth rate and the model
constants are the same.
tilayer structure together with the temperature gradient
which additionally responses for the up down anisotropy
of PbTe/CdTe interchange in vertical direction. One
can expect, thus, that in a system evolving without any
anisotropies, for instance, a single PbTe layer embedded
in thick CdTe bulk crystal annealed by isotropic heating
final structures of spherical shapes should be found.
Such behavior was indeed observed in the experimental
systems7–9 and to compare results we run our simulations
at the experimental temperature of T = 350◦C without
any bias. In the small system we study without any bias
the surface tension appeared to be strong, so to initiate
the process we had to cut a single hole within initially
prepared layer. Experimentally such holes were observed
at the beginning of the annealing process9. Initial order-
ing of the system is shown in the left panel of Fig 6 where
six parallel layers of PbTe are embedded in the CdTe sur-
rounding. A single hole of a diameter of 20 lattice units
filled out by CdTe was present from the beginning. This
choice reflects the size and density of experimentally mea-
sured structures. Result after 13 minutes of annealing at
T = 350◦C can be seen in Fig. 6. Because of the charac-
ter of this process only bulk diffusion participated in the
transformation. There was no open surface of PbTe in
the annealed system and as an effect the surface diffusion
does not occur at all. The initial structure was 2D with a
small cylindric hole, then we observed gradual growth of
this hole and change of the layer. Finally perfectly spher-
ical shape of resulting PbTe structure should be noted.
FIG. 8: Results of surface diffusion obtained at 230◦C by
growing 1PbTe/3cdTe layers.
We have not seen elongated 1D structures. They are ex-
pected in the case when changes are initiated by several
holes and elongated structures build between them.
C. The role of the surface diffusion
The vertical cross-sections in Fig. 3 show that the lay-
ers deposited first, i.e., located deeper in the structure,
differ from those deposited later. The same observation is
confirmed by data shown in Figs. 4 and 5. The morphol-
ogy of the structures changes in the vertical direction.
This effect indicates that bulk diffusion is the most im-
portant factor which determines the final configuration of
the structure. Yet the surface diffusion takes also place
in the self-organizing process and its mean rate is of the
same order as this of the bulk one. The main role of
the surface diffusion in our system is the surface align-
ment. Yet, many works show how the stripe ordering
results as an effect of the surface diffusion6,11–14. Such
process indeed is possible in our system also but not at
the experimental conditions that are studied here. To il-
9lustrate this we show that the deposition of thinner mul-
tilayers eventually leads to the stripe formation starting
at the surface of grown crystal. We studied the process
of crystal grow at the lowest temperature of T=230◦C
and with the same growth rate as in Fig. 3 and the ra-
tio of delivered components is the same. What we have
changed as compared to the first situation is the width of
the deposited multilayers. We have grown the crystal by
setting one PbTe layer and three CdTe layers. In Fig 7
we can see that the geometries of the grown structures
are completely different in left panels - for thicker layers
and in right panels - for thinner layers. Thicker multi-
layers stay more or less two-dimensional, they eventually
perforate during further growth process. In the second
case, when multilayers are very thin striped structure
builds just from the beginning. The main mechanism of
this process is surface diffusion, that has a possibility of
ordering the material during growth process. The final
striped structure can be seen in Fig 8. Resulting columns
are straight, spread from bottom to top, but they have
some additional structure in the vertical direction. They
are wider at the bottom than at the top. This last fea-
ture evidently is due to still active bulk diffusion and the
existing anisotropy in the component diffusion. When
surface diffusion is left as the only dynamical process in
the system above it results in creating columns very sim-
ilar to this seen in Fig. 7, but not so regular, with not so
smooth surfaces and of the same width from bottom to
top.
V. CONCLUSIONS
We proposed model that correctly reproduces all types
of experimentally observed morphological evolutions of
the PbTe/CdTe structures at different temperatures10.
Depending on the growth conditions combination of bulk
and surface diffusion cooperate in the process of spin-
odal decomposition of immiscible materials and lead to
the formation of 1D elongated structures or 0D spherical
droplets. Additionally, present in the process of crys-
tal growth vertical bias orders created structures in the
shape of vertical columns collecting material from sev-
eral deposited layers. Formation of such columns starts
from the bottom of multilayer structure and lasts all time
until structure is grown. This is exactly the case of exper-
imental systems10. The small difference in bias is main
ground for the phase separation locating PbTe phase at
the bottom and CdTe at top at temperatures as high
as 310◦C. We have shown that the same model leads to
other patterns like long columns spreading from bottom
to to top when different deposition schema is applied. It
can be seen that the structure formation in the immis-
cible compounds can be controlled both by temperature
change and by the deposition method.
Acknowledgments
The research was partially supported by the Na-
tional Science Centre (NCN) of Poland (Grant NCN
No.2015/17/N/ST3/02310) (MM), Grant No. DEC-
2014/14/M/ST3/00484 and by the Foundation for Polish
Science through the Master program (G.K.).
∗ Electronic address: minkowski@ifpan.edu.pl, za-
lum@ifpan.edu.pl,laturski@cft.edu.pl,karcz@ifpan.edu.pl
1 P. G. de Gennes, Rev. Mod. Phys., 57, 827 (1985).
2 J. W. Cahn, J. Chem. Phys. 42 , 93 (1965).
3 K. Binder and P. Fratzl, in Phase Transformations in Ma-
terials, edited by G. Kostorz (Wiley-VCH, Weinheim, Ger-
many, 2001), Chap. 6.
4 Z. Liu, H. Gao, L. Q. Chen, and K. Cho, Phys.Rev.B 68,
035429 (2003).
5 J. Vollmer, G. K. Auernhammer, and D. Vollmer, Phys.
Rev. Lett. 98, 115701 (2007)
6 T. Dietl, K. Sato, T. Fukushima, A. Bonanni, M. Jamet,
A. Barski, S. Kuroda, M. Tanaka, Pham Nam Hai, and H.
Katayama-Yoshida Rev. Mod. Phys. 87, 1311 (2015)
7 H. Groiss, I. Daruka, K. Koike, M. Yano, G. Hesser, G.
Springholz, N. Zakharov, P. Werner, F. Scha¨ffler, APL
Mater. 2, 012105 (2014)
8 H.Groiss et al, Appl. Phys. Lett., 91, 222106 (2007)
9 H. Grois et. al. Appl. Phys. Lett. , 88, 192109 (2006)
10 G. Karczewski, M. Szot, S. Kret, L. Kowalczyk, S. Chus-
nutdinow, T. Wojtowicz, S. Schreyeck, L.W. Molenkamp,
Nanotechnology 26, 135601 (2015)
11 T. Fukushima, K. Sato, H. Katayama-Yoshida, and P. H.
Dederichs, phys. stat. sol. 3, 4139 (2006) , Jpn. J. Appl.
Phys. 45, L416, (2006)
12 L. Rosenthal, H. Greve, V Zaporojtchenko, T. Strunskus,
F. Faupel, and M. Bonitz, J. Appl. Phys. 114 (2013)
044305
13 J. K. Kawasaki, B. D. Schultz, Hong Lu, A. C. Gossard,
and Chris J. Palmstrom Nano Lett. 13 (2013) 2895
14 I Mouton, E.Talbot, C.Pareige, R. Larde, and D.Blavette
J. Appl. Phys. 115 (2014) 053515
15 K. Sato, H. K. Atayama-Yoshida, H. K, and P. H. Ded-
erichs, Jpn. J. Appl. Phys., 44 (2005) L948
16 R. Leitsmann, L.E. Ramos, F. Bechstedt, Phys. Rev. B
74, 085309 (2006)
17 R. Leitsmann, L.E. Ramos, F. Bechstedt, H. Groiss, F.
Scha¨ffler, W. Heiss, K. Koike, H. Harada, M. Yano, New
Journal of Physics 8, 317 (2006)
18 M. Buka la, P. Sankowski, R. Buczko, P. Kacman, Phys.
Rev. B 86, 085205 (2012)
19 W. Heiss et. al , Appl. Phys. Lett. 88, 192109 (2006)
10
20 K.-t. Leung, Phys. Rev. Lett. 66, 453, 1991.
21 S. Katz, J. L. Lebowitz, and H. Spohn, Phys. Rev. B
,1655,28,1983.
22 M. R. Evans, Y. Kafri, H. M. Koduvely, and D. Mukamel,
Phys. Rev. Lett. 80, 4251998.
23 D Leonard et al. , Appl. Phys. Lett. 63 , 3203 (1993),
24 J. M. Moison et al, Appl. Phys. Lett. 10, 196 (1994)
25 J. Strangl, V Holy, and G. Bauer, Rev. Mod. Phys. 76,
725 (2004)
